Vacancies formed in amorphous silicon are studied through the tight-binding molecular-dynamics method. Physical properties, such as the electronic density of states and volume change of a single vacancy at various sites, are obtained. The bond-angle deviation and the average valence charge of the atoms next to a vacancy are analyzed and found to be closely related. Even though vacancies at high density can be annihilated at room temperature, no migration of vacancies is observed in the simulations up to 450 K. Divacancy in amorphous silicon is found to behave similarly to a single vacancy of other types. Whereas there are many similarities between the vacancies in amorphous silicon and those formed in crystalline silicon, significant differences are found in some of their properties. ͓S0163-1829͑99͒08103-5͔
I. INTRODUCTION
The structure of amorphous silicon (a-Si͒ is generally believed to be a continuous random covalent network with fourfold-coordinated atoms in their local bonding configurations. The local bond lengths and bond angles are slightly deviated from an ideal tetrahedral structure. The average bond length in a-Si is about 1.9% longer than that of crystalline silicon (c-Si͒ because of a volume expansion. On average the bond angles in a-Si are deviated ͑either increased or decreased͒ by about 11.4°from a perfect tetrahedral bond angle. 1 The generation of a-Si usually introduces a large strain energy in the network. Point defects such as dangling ͑undercoordinated͒ bonds and floating ͑overcoordinated͒ bonds are created during the strain release, which are, respectively, analogous to the vacancies and interstitials in c-Si. Dangling bonds are believed to be the dominant defects in a-Si, which are characterized by its unusual g-factor value, gϭ2.0055, as observed in the electron paramagnetic resonance ͑EPR͒ experiment, 2 although floating bonds have also been suggested as the cause of such an unusual g-factor value. 3 Experimentally one can hardly distinguish the contribution of the dangling bonds from that of the floating bonds. Theoretical studies, however, have shown that both dangling bonds and floating bonds can exist in a-Si, depending on the quenching rate in the simulation. [4] [5] [6] [7] [8] Defect states of the dangling bonds formed at the threefold-coordinated sites are the major contribution to the deeply localized gap states in a-Si, 9, 10 whereas those of the floating bonds formed at the fivefold-coordinated sites are considerably less localized gap states, which are characterized by a large wave function amplitude at the neighboring sites. 11, 12 Although it is still unclear whether the dangling bonds or the floating bonds actually cause the unusual g-factor value of a-Si, it is natural to assume that both types of point defects are possible in order to maximize the release of the stress in the network.
Physical properties of the a-Si samples strongly rely on their thermal histories. The change in physical properties upon annealing is called the structural relaxation, which generally lowers the free energy of the network. It is observed from Raman spectroscopy that the structural relaxation in irradiated a-Si is very similar to the annealing of the point defects in c-Si. 13 Because the point defects in a-Si, dangling or floating bonds, are different from those of c-Si, vacancies and interstitials, question has been raised on the similarity of the damage recovery in both a-Si and c-Si. The best way to answer this question is to study the same point defects as in c-Si, that is, vacancies and interstitials, which can be introduced into an a-Si network by removing or adding Si atoms during the simulation.
Since the local network in both a-Si and c-Si is covalently bonded, one would expect similar behavior from both systems upon annealing. Motivated by this argument, a Möss-bauer spectroscopy experiment has been performed with the signals obtained from 119 Sb in the a-Si network.
14 Two different line shapes have been observed, which are interpreted to correspond to the site substitutions and vacancy complexes of Sb in a-Si, respectively. This is the strongest evidence that vacancies do exist in the a-Si network. The remaining question is whether there is any difference between the vacancies in a-Si and those in c-Si. Based on the experimental fact, one cannot preclude that the vacancies in a-Si may behave differently from those in c-Si.
It is subtle to picture a vacancy in a-Si from symmetry. One can, however, view it as an agglomeration of four dangling bonds at the vacant site. In this paper, we report our study of the physical properties of such vacancies in a-Si through tight-binding molecular-dynamics ͑TBMD͒ simulations. We have calculated the formation energy, volume changes, and charge density of a vacancy, as well as the electronic density of states of the a-Si network. The most salient feature of a-Si is that the deep gap states of vacancies can easily be removed with the structural relaxation, which is contrary to the case of c-Si. The removal of deep gap states is correlated to the charge density at the vacancy site. The decrease of the charge density or the increase of bond-angle deviations around vacancies causes the delocalization of the electrons and therefore removes the deep gap states.
The dynamics of vacancies in a-Si is also studied through TBMD simulations. The structural relaxation upon annealing above room temperature is quite a complicated process, as seen from previous calculations for a-Si under a classical potential. 15 The structural relaxation in a-Si is found to be caused primarily by elimination of vacancies. Some vacancies can survive from the structural relaxation for a very long time and can be annealed eventually. We will show that this annealing process depends on the defect concentration in the network. There is a dual purpose in this work. First we want to study the physical properties of vacancies in a-Si. Then we want to analyze the annealing process of these vacancies at room temperature. In Sec. II, we briefly explain theoretical approaches adopted in this work. In Sec. III, we report on the calculated physical properties of the vacancies in a-Si, such as the formation energy, volume change, and charge density of a vacancy, and the electronic density of states of the a-Si network. The relations among different aspects of the vacancies in a-Si are analyzed and the behavior of a divacancy in a-Si is also outlined. Finally, the results are summarized in Sec. IV.
II. THEORETICAL BACKGROUND
In order to study the properties of defects in an a-Si network by simulation, a large simulation box ͑supercell͒ is usually required. Although the ab initio molecular-dynamics method is accurate and reliable, this scheme is limited to relatively small simulation boxes by current computing capacity. We therefore adopt a tight-binding ͑TB͒ total energy scheme developed by Goodwin, Skinner, and Pettifor ͑GSP͒, 16 combined with the molecular-dynamics ͑MD͒ simulation technique. The overlap integrals in the GSP scheme are empirically parameterized by fitting to the universal binding energy curves generated from the firstprinciples calculations.
The GSP scheme has successfully been applied to the study of defects in c-Si. 17, 18 The formation energies of a single vacancy, divacancy, slit divacancy, and T interstitial in c-Si are approximately 3.68 eV, 5.68 eV, 6.54 eV, and 4.3 eV, respectively, and are in excellent agreement with the LDA ͑Ref. 19͒ and recent Stillinger and Weber interatomic potential calculations. 19 Deep gap states are developed after relaxation in all of these cases. Fully relaxed geometries of those defects are successfully predicted theoretically and the detailed mechanism of the relaxation is also explained using the Jahn-Teller-type distortion. Liquid silicon (l-Si͒ and a-Si 5,20 generated using GSP scheme possess correct physical properties, such as radial distribution, bond-angle distribution, electronic structure, and phonon frequencies. This scheme has also provided a meaningful diffusion mechanism successfully for vacancies on Si͑100͒ surface. 21 The optimized geometries of Si clusters 22 have also been obtained using this scheme.
The empirical fitting of the overlap integrals to the firstprinciples calculations provides both efficiency and accuracy needed for a large simulation box. We have adopted an a-Si network of 216 atoms generated by Wooten, Winer, and Weaire ͑WWW͒. 1 The WWW method has several advantages over the other existing a-Si networks that have dangling and floating bonds. 5, 8, 6, 10 Although the latter are believed to be more realistic in the study of defect formation, the WWW model possesses excellent structural properties. The average bond length is 2.37 Å, about 1% larger than 2.35 Å, the bond length of c-Si, and the average bond-angle deviation is 11°, in good agreement with experimental measurements on these quantities. The band gap of the WWW network is about 1.0 eV and the network is free of any topological defect-all the sites are fourfold coordinated and there is no deep gap state. The WWW network is therefore an ideal starting point to study the defect effects on both electronic and structural properties of amorphous materials. The initial WWW network of 216 atoms is then relaxed via dynamical annealing. The energy is lowered by 0.02 eV per atom after the structural relaxation through the GSP scheme. Vacancies can be created now by removing atoms in the network. The network with a single vacancy or divacancy is relaxed by the MD simulation at room temperature for a sufficient time length ͑about 1 ps͒. The temperature of the network is then reduced to zero via dynamical annealing with a quenching rate of about 10 15 K/s. Ground-state properties of the network are then sampled. A slower quenching rate and a longer annealing time ͑10 ps͒ are also tried to ensure that the selected quenching rate and annealing time are appropriate. No significant difference is observed in the simulation with a slower quenching rate or longer annealing time. The potential is set to zero beyond the cutoff distance r c ϭ3.2 Å so that only the nearest neighbors need to be considered during the structural relaxation in the simulations. We do not observe any significant change in the volume of the vacancy or in the formation energy with different cutoff distances, for example, r c ϭ3.2 Å or r c ϭ3.67 Å.
III. SIMULATION RESULTS
The case with a single vacancy in the a-Si network is studied first. Since all sites in the network are topologically different, several sites have been used in order to obtain a good sample of the properties. Once the ground state is reached, the corresponding physical properties such as the formation energy, the volume change of the vacancy, the change of the charge density from the adjacent atoms near the vacancy, and the electronic density of states of the network are calculated. Now we discuss each of these calculated quantities in detail.
A. Formation energy of a vacancy in a-Si
The formation energy of a vacancy is defined as the difference of the ground-state energy of the network with one atom removed from the vacant site and that of the original network. This quantity is an estimate of the energy needed to create a vacancy in the network and also reflects its stability. We have calculated the formation energies of a single vacancy at various sites and listed them in Table I . The values range from 1.55 eV to 4.24 eV. At some sites, it is easier to have a vacancy in a-Si than in c-Si, where 3.68 eV is needed for creating a vacancy, whereas at some other sites, it is more difficult to have a vacancy in a-Si. The lower formation energies at some sites are the consequence of larger structural relaxation. For example, the formation energy of a single vacancy at the site of atom 187 in the WWW network ͑re-ferred to as V187͒ is 1.55 eV. The low formation energy is reflected in the average bond length and bond-angle deviation around the vacancy. The average bond length around V187 is 2.42 Å, which is 2% longer than the average bond length of the original WWW network, 2.37 Å, without any point defect. This means that the structural relaxation near V187 is more severe than other places in the network because of the large bond-angle deviation of the adjacent atoms from the tetrahedral angle. As the result of such structural relaxation, the V187 site appears to be the weakest site for vacancy formation, that is, with the lowest formation energy. The corresponding average bond length and formation energy of the V111 site are 2.46 Å and 2.4 eV, respectively, suggesting the site to be an intermediate ͑but still relatively weak͒ site for the vacancy formation. The average bond length for the V137 site is 2.34 Å, which is close to the bond length of c-Si, 2.35 Å. The corresponding formation energy is 4.09 eV, which is a little higher than that of a vacancy in c-Si. The bond-angle deviation is relatively small. Thus V137 is similar to a vacancy in c-Si. The structure of V113 is also similar to a vacancy in c-Si. Both V137 and V113 sites are regarded as strong sites. The formation energy is also related to the structural relaxation of the next-nearest neighbors in the same manner but less dramatic than its relation to the structural relaxation of the nearest neighbors. Statistically speaking, the single vacancies at the various sites mentioned above should have sampled the whole network well.
B. Electronic density of states
The ͑electronic͒ density of states ͑DOS͒ of the a-Si is one of the most important physical properties of the material because it determines the optical and electrical properties of the system. To illustrate how well our theoretical approach reproduces the DOS, we calculate the DOS for both c-Si and the WWW a-Si network under the TBMD scheme. Our results are shown in Figs. 1͑a͒ and 1͑b͒ together with the results of the empirical pseudopotential ͑EP͒ calculations 24 and with the experimental measurements. 23 As shown in Fig.  1͑a͒ , the peaks obtained from our TBMD calculations at high symmetric points of c-Si agree well with the EP calculations. The respective s-like and sp-like peaks near Ϫ10 eV and Ϫ7 eV of our calculations are located at the lower-energy side than those obtained in the EP calculations. 24 As shown in Fig. 1͑b͒ , the DOS of the WWW network calculated with the TBMD scheme is in good agreement with the photoemission experiment results on a-Si, 23 with a sharp peak at 3 eV and a broad peak near Ϫ10 eV. We therefore expect that the DOS of the vacancies calculated with the TBMD scheme is also reliable.
First, let us examine the DOS of the vacancies in c-Si. When a vacancy is created, the corresponding gap states are introduced. These gap states remain deeply localized even after the structural relaxation as demonstrated in Fig. 2͑a͒ . The band gap of c-Si is 1.6 eV, as calculated with the TBMD scheme, which is about 37% larger than the actual gap in c-Si, 1.17 eV, as obtained experimentally. This discrepancy is a result of poor fitting of the conduction band in the TBMD scheme. However, it should not cause serious problems when the gap states are studied because they are originated directly from the vacancy and are deeply localized. In other words, the inaccuracy of the conduction-band fitting should not affect the results on the localized states. Deep gap states are clearly present in c-Si when the vacancy is created, as expected. What is unexpected is that all the deep gap states from a vacancy in a-Si are completely removed after the structural relaxation. TABLE I. This is a list of various physical properties of a vacancy in a-Si. E V (E R ) is the formation ͑relaxation͒ energy of the vacancy. E B is the band gap of the network. ⌬ϭ f Ϫ i is the change of the average valence charge of the adjacent atoms during the structural relaxation. ⌬VϭV f ϪV i is the change of the vacancy volume during the structural relaxation. ⌬ i (⌬ f ) is the average of bond-angle deviation from the tetrahedral angle of the adjacent atoms before ͑after͒ the structural relaxation. All energies are in eV, lengths in Å, angles in degrees, charge changes in the units of electrons, and volume changes in percentages. The difference in the DOS far away from the band edges between the network with a vacancy and the original WWW network is found to be negligible before and after the structural relaxation. We therefore concentrate on the DOS near the band edges. Band tails can still exist in the network with a vacancy after the structural relaxation, a result of weaker bonding between any two of the adjacent atoms of the vacancy. For the case with a vacancy at the V111 site, the energy gap increases to 1.06 eV, which is even wider than the band gap of the original WWW network, 0.98 eV. A valence-band tail is clearly shown whereas the conduction band tail is pushed into the band. In other words, the conduction-band edge of the network with a vacancy at the V111 site is almost identical to that of the WWW network. For the case with a vacancy at the V187 site, the weakest site in the WWW network, a large valence-band tail similar to the case of V111 is developed, giving the smallest band gap, 0.83 eV. A strong valence-band tail shows up in the case with a vacancy at the V137 site, resembling the situation with a vacancy in c-Si. We have calculated the DOS of a vacancy at various sites in the WWW network, all of them are qualitatively similar to the ones shown in Figs. 2͑c͒ and 2͑d͒. Band tails are developed in the cases with a strong vacancy, showing similar behavior to c-Si. We emphasize that there is no deep gap state remaining in any case for a-Si after the structural relaxation.
C. The volume change of a vacancy
It will be interesting to see the volume change of vacancy in a-Si and c-Si. One may use a traditional Delaunay vacant volume by Lutz and Lewis 15 or a different way as done by Tang et al. 25 to calculate the volume of the vacancy. We introduce here a simple way but still preserve the most qualitative picture of the volume change. The volume of a vacancy in the network can be defined as
with n being the total number of nearest-neighboring atoms of the vacancy site and a i being the corresponding distance between the vacancy site and the ith nearest-neighboring atom. The quantity of interest is ⌬VϭV f ϪV i , where V i and V f are the volume of the vacancy before and after the structural relaxation, respectively. If the nearest-neighboring atoms move away from the vacancy site during the relaxation, the volume of the vacancy increases, or in other words, ⌬V is positive. If the atoms move toward the vacancy site during the relaxation, an opposite effect results. When a vacancy is created in c-Si, the broken symmetry induces the distortion in the lattice because of the Jahn-Teller effect. The volume of the vacancy therefore decreases upon the structural relaxation. ⌬V for a vacancy in c-Si is found to be Ϫ25 Å 3 from our TBMD simulations. The distance between the next-nearest-neighboring atoms in c-Si is 3.8 Å.
For two atoms ͓atoms 4 and 8 in Fig. 3͑a͔͒ next to the va- cancy, the distance becomes 2.8 Å after the structural relaxation, which is a result of the merging of two dangling bonds from the vacancy and the formation of a weaker bond. The backbonds ͑bonds formed between the atoms at the nearestneighboring sites of the vacancy and their nearest neighbors away from the vacancy͒ become longer. The stretch of the backbonds also contributes to the valence-band tail as shown in Fig. 2͑a͒ . These weakened backbonds help to reduce the vacancy volume, that is, ⌬VϽ0, during the structural relaxation.
A vacancy formed in the a-Si network is more complicated. The volume of a vacancy at a weak site increases during the structural relaxation, contrary to the case of c-Si, whereas a vacancy at a strong site behaves similarly to the case of c-Si with ⌬VϽ0. For example, the volumes of vacancies at the V187 and V111 sites change from 54 Å 3 and 63 Å 3 to 70 Å 3 and 89 Å 3 , respectively, during the structural relaxation. The volume of a vacancy at the V113 site is about 54 Å 3 , which is about the same as in c-Si before relaxation and remains almost constant during the structural relaxation. The volume of a vacancy at the V137 site is slightly reduced from 54 Å 3 to 50 Å 3 during the structural relaxation. Around the vacancy formed at a weak site in a-Si, the backbonds become shorter and stronger during the structural relaxation, resulting from the increase of the vacancy volume. This change in backbonding eliminates part of the band tails, yielding an energy gap of 1.06 eV, which is even wider than that of the original WWW network. The coordination number of adjacent atoms of the vacancy is still three in all cases studied here. The general trend of the volume change is that it increases with the bond-angle deviation of the backbonds as shown in Table I . The volume change is, therefore, closely related to the distortions on the second-nearestneighbor distances. The bond-angle deviation is also closely related to the removal of the deep gap states during the structural relaxation. This aspect will be further discussed later.
D. Average valence charge of the atoms next to a vacancy
The change in the average valence charge of the adjacent atoms of the vacancy during the structural relaxation is of importance for learning how the electron charge distribution responds to the structural relaxation. The average valence charge of the adjacent atoms is defined as
where n is the total number of adjacent atoms and the bracket includes summations of all occupied single-particle valence orbitals of the atom. The change in the average valence charge is given by
with i and f being the average valence charge before and after the structural relaxation, respectively. The average valence charge is more sensitive to the quenching rate than the formation energy of the vacancy because it is more closely related to the structural relaxation of the entire network. All of the values shown in Table I , except for the average valence charges, will change slightly in the second decimal point if an extremely slow quenching rate is used to obtain an optimized structure. The average valence charge however varies in the first decimal point under the same condition. In c-Si, the average valence charge of the adjacent atoms of the vacancy is found to be 3.89e, where e is the charge of an electron. This value is slightly smaller than that of a perfect crystal 4e because the atom at the vacancy site is missing.
The vacancy is relaxed by the Jahn-Teller distortion, forming weak bond of 2.82 Å between atoms 4 and 8, as shown in Fig. 3͑a͒ . This causes an increase in the valence charges of atoms 4 and 8 and make them close to 4e after the structural relaxation. Charges are also accumulated at the site of atom 11, but depleted at atom 14. The average valence charge from all adjacent sites is increased by 0.22e as shown in Table I .
The trend of the change in the valence charges is completely opposite at a weak vacancy site, for example, the V111 site. The valence charges of atoms 108, 117, and 131 are reduced during the structural relaxation with the charges accumulated to atom 106, as shown in Fig. 3͑b͒ . The average valence charge of the adjacent atoms of the V111 site is 4e before the structural relaxation and is reduced to 3.5e afterward. This is the opposite to the case of c-Si. The change of the average valence charge at a strong site, for example, the V137 site, follows the same trend of a vacancy in c-Si.
However, the average valence charge of the adjacent atoms of the V113 site changes from 4e to 3.66e during the structural relaxation even though this site is as strong as the V137 site. Note that the change of the average valence charge is also related to the change of the vacancy volume and the corresponding bond-angle deviation. The charge leakage becomes severe as the site becomes weaker with the exception of the V187 site. We have also noticed that the sites with strong charge accumulation, for example, atom 106 at the V111 site and atoms 62 and 108 at the V137 site, have neighbors with strong charge accumulation, as shown in Figs. 3͑b͒ and 3͑c͒ , indicating the amount of charge leakage being strongly affected by the next-nearest-neighbor structural relaxation.
E. Bond-angle relaxation and local electronic density of states
The fact that the vacancy in a-Si does not contribute to the deep gap states while sustaining the vacancy volume can be understood through a s-p dehybridization model. 26 Detailed study of the relation between bond angles and electronic-bonding characters has found what causes the disappearance of the deep gap states. 27 When a defect is created in a crystal, the relaxation of the adjacent atoms of the defect proceeds in order to lower the total energy. This relaxation can evolve toward a prevalent direction either in preserving the symmetry of the system or lowering it through the Jahn-Teller distortion. The electronic interaction energy associated with the vacancy depends on separations of the adjacent neighbors as well as the bond angles. The electronic structure of the neighboring atoms of the vacancy can be determined from the bond angles between backbonded atoms. 26 In perfect c-Si, bond angles are 109.5°and the valence electrons are in the sp 3 hybridization states. If the bond angle increases and becomes close to 120°, the valence electrons will be in the sp 2 hybridization
states. If the bond angle decreases and becomes close to 90°, the valence electrons will be in the p 3 or p hybridization states.
In an a-Si network, atoms are randomly distributed without symmetry and therefore the Jahn-Teller distortion cannot occur. The structural relaxation evolves toward the direction of recovering the local symmetry of c-Si. The bond angles of the adjacent atoms of a vacancy change their values accordingly depending on the initial values-the bond angle, in general, decreases if it was greater than 109.5°͑type I͒, or increases if it was smaller than 109.5°͑type II͒. In the V111 site, bond angles between atom 106 and the corresponding backbonded atoms decrease 7°on average during the structural relaxation. As shown in the local ͑electronic͒ density of states ͑LDOS͒ at the V111 site in Fig. 4͑a͒ , the gap states are shifted to the top of the valence band due to this effect. On the other hand, the bond angles between atom 117 and the corresponding backbonded atoms increase 12°on average during the structural relaxation. This has caused the gap states shifted to the bottom of the conduction band as shown in Fig. 4͑b͒ . In both cases the bonding-antibonding splitting has become higher, moving the gap states to the band tails. This effect can also be observed at the V137 site. Bond angles between atom 62 and the corresponding backbonded atoms decrease 21°during the structural relaxation and therefore top valence bands are developed, as shown in Fig.  4͑c͒ . Bond angles between atom 138 and the corresponding backbonded atoms increase 8°during the structural relaxation, which contributes to conduction bands, as shown in Fig. 4͑d͒ .
The peak position or the location of the gap states before the structural relaxation at an adjacent atom is determined by the average bond angle of the backbonds. If the average bond angle is greater ͑less͒ than 109.5°, the peak is located near the conduction ͑valence͒ band. The larger the deviation is from the tetrahedral angle the closer the peak is to one of the bands. For example, the average bond angle at atom 106 adjacent to the V111 site is 4°smaller than the tetrahedral angle, resulting in a peak very close to the valence band, as shown in Fig. 4͑a͒ . However, the average bond angle at atom 138 next to the V137 site is 2°higher than the tetrahedral angle, resulting in a peak very close to the conduction band.
What is the relation between the change of the valence charge of an adjacent atom and the peak position of the LDOS of the same atom? By examining the valence charge of atom 117 next to the V111 site in Fig. 3͑b͒ , we find that the charge at atom 117 site is decreased or leaked out during the structural relaxation. This means the electronic orbitals at atom 117 become more delocalized and is consistent with the large bond angle distortion ͑about 12°) and the peak in the LDOS moving toward the conduction band during the structural relaxation, as shown in Fig. 4͑b͒ . On the other hand, the valence charge of atom 106 next to the V111 site is increased or accumulated during the structural relaxation. This means that the electronic orbitals at atom 106 become more localized and is consistent with a small bond angle distortion ͑about Ϫ6°) and the peak in the LDOS moving toward the valance band. Similar phenomena are observed for the valence charges and the LDOS of the adjacent atoms at the V137 site. A similar interpretation of the relation between the charge density and the energy level was also given. 28 Let us now examine the relation between the charge transfer and volume change of the vacancy. The electronic orbitals at the atoms adjacent to the V111 site become more delocalized during the structural relaxation, weakening the screening of the ionic potentials. Therefore the volume of the vacancy increases as a result of the increase of the ion-ion repulsions between the adjacent atoms. When the bond angle deviation is large, it is expected that the volume change of vacancy becomes severe. The volume change will be amplified when the change of the average valence charge of the adjacent atoms is significant. We expect that the large average bond-angle deviation at the V187 site would cause a large volume change. This bond-angle deviation effect, however, is compensated by the decrease of the average valence charge at the adjacent atoms with an enhancement of the screening of the ion-ion potentials. Similar behavior is also observed at the V113 site. Although this is a strong vacancy site, the change in the average valence charge is opposite ͑decreased instead of increased͒ to the general behavior of a strong site, such as the V137 site, during the structural relaxation. The volume change of the vacancy is therefore enlarged. Since the average valence charge of the adjacent atoms of V137 behaves like the case of c-Si, the volume change of V137 is also similar to that of c-Si. V187 and V113 are therefore the only exceptions from the general properties of a weak or strong vacancy site. In such two cases, heavy band tails are developed without any deep gap state, making the energy gap much smaller.
Removal of gap states during the structural relaxation is closely related to the volume change, charge transfer, and bond-angle deviation. When a vacancy is created in c-Si, the average valence charge of the adjacent atoms is reduced because of the existence of the unsaturated electrons, as shown in Fig. 3͑a͒ . During the structural relaxation, charges are accumulated to the adjacent atoms of the vacancy. The electron charge accumulation induces a strong electron-phonon coupling, which creates a weak bond between atoms 4 and 8. As a result, the volume of the vacancy gets contracted. Backbonds of these two atoms become longer due to the volume contraction. However, the situation in a-Si is quite different.
The charges of atoms 131, 117, and 108 around the V111 site are decreased during the structural relaxation, whereas   FIG. 4 . The LDOS's of some adjacent atoms of ͑a͒-͑b͒ V111 and ͑c͒-͑d͒ V137, before ͑dotted lines͒ and after ͑solid lines͒ the structural relaxation.
the charge of atom 106 is increased, as shown in Fig. 3͑b͒ . The average valence charge at the V111 site overall decreases during the structural relaxation. As charges are transferred away, the Coulomb repulsion between any ions becomes stronger due to the reduction of the screening effect. This increase in the ion-ion potential pushes the gap states away from the deep positions in the gap to the band edges. Because the charge leakage is large at the V111 site, the increase in the ion-ion potential becomes significant, resulting in a strong effect on the deep gap states. Some band-tail states are also removed due to this effect, which makes the band gap even wider than that of the WWW network. Figure  3͑c͒ shows the local geometry of V137. The changes in the vacancy volume and the average valence charge follow the general trend of c-Si with relatively smaller values. Because the bond-angle deviation at V137 is larger than a typical strong site, for example, the V113 site, the volume change is much smaller than that of c-Si. Deep gap states still are removed during the structural relaxation but more valenceband-tail states are developed. From these analyses, we conclude that if any one of these physical properties is significantly different from that of c-Si, deep gap states will disappear during the structural relaxation. If all these properties are different from those of c-Si, the band-tail states will be significantly reduced, too.
F. Divacancy
So far we have been discussing a single vacancy in the a-Si network. It seems that a large vacancy volume can be sustained at room temperature in the a-Si network because of the microvoids in the system. One may consider single vacancies as the smallest voids in the network. If two single vacancies form back to back in the network, a divacancy is generated. This is the first step in analyzing the formation of the microvoids from grouping vacancies. We have created a divacancy ͑DV͒ in the network by removing atoms 111 and 108. The formation energy of this DV is 4.51 eV. The corresponding formation energy of a DV in c-Si is 5.68 eV ͑Ref. 17͒ and the recent result using the Stillinger and Weber ͑SW͒ interatomic potential is about 4.55 eV. 19 The formation energy of a DV in a-Si changes from site to site, similar to the formation energy of a single vacancy. In Fig. 5͑a͒ , the densities of states ͑DOS's͒ of the a-Si network with and without a DV are shown. The network with a DV does not have any deep gap state and has a band gap of 1.18 eV, which is much wider than the corresponding c-Si network. The volume of the DV increases by 18% during the structural relaxation. The charges at the adjacent atoms are transferred away by a total amount of 0.11e. A DV in the a-Si network behaves quite similar to a single vacancy at the same site. We have also created DV's at other sites in the network and all the DV's studied behave in a manner similar to that of the corresponding single vacancies at the same sites.
We have also created two single vacancies simultaneously in the same network. We call this system a split-divacancy ͑SDV͒ system. The formation energy of the SDV from V111 and V137 is 5.46 eV, which is larger than that of DV but smaller than the addition of the formation energies of single vacancies ͑V111 and V137͒, 6.61 eV. The corresponding formation energy of a SDV in c-Si is 6.54 eV. 17 The value from the SW interatomic potential is about 5.35 eV for SDV in c-Si. 19 There are more band-tail states appearing near both the valence and conduction bands, as shown in Fig. 5͑b͒ . This means that more dangling and floating bonds are created by the increase of the strain in the system with the number of the vacancies. Similar phenomena are also observed in the higher concentrations of vacancies in the network and will be discussed in the next subsection. It is clear that single vacancies, divacancies, or microvoids can be stabilized in the a-Si network. Furthermore, some of them will not introduce any gap state. This is similar to the formation of microvoids in the mixture of SiH 4 and SiF 4 created with the chemical vapor deposition ͑CVD͒ technique. 23 When the SiF 4 gas is introduced in the CVD process, microstructures or microvoids are generated in SiF 4 . Nevertheless the Urbach energy for the microvoids in this chemical mixture is less than 50 meV with a decrease in defect density during the structural relaxation. This confirms our calculations that some single vacancies and divacancies do not contribute any gap state or recombination center although they do exist in the network. The remaining question is what happens if the defect density increases or the size of the microvoids become larger. This will be the topic of the next subsection.
G. Annealing of vacancies in a-Si
It has been observed that the structural relaxation in irradiated a-Si is very similar to the annealing of point defects in c-Si. 13 Because the structural relaxation is interpreted as being caused by either relaxation of the entire network 29 or point defect annihilation, 13 topological defects, such as dan- gling and floating bonds in a-Si, are considered to have no significant contribution to the structural relaxation. Here we want to examine this in more detail by introducing point defects ͑vacancies͒ into the a-Si network. We first choose a weak site ͑the V111 site͒ to study the possibility of vacancy annihilation through room-temperature ͑300 K͒ annealing. After the vacancy is created, we run the MD simulation under the canonical ensemble for about 10 ps. We then remove the thermal effect by a slow dynamical quenching with a quenching rate of about 10 15 K/s. The volume of the vacancy is expanded during annealing, but the annihilation of the vacancy is not observed. We repeat the procedure with a higher temperature ͑450 K͒ annealing. The structural relaxation of the network is very similar to that with the room-temperature annealing. Although the energy gap is reduced by 0.32 eV during both annealing processes, no gap states are developed and the volume remains expanded in the subsequent runs. The average bond-angle deviation of the adjacent atoms become slightly smaller with the annealing at 450 K than at 300 K, simply indicating that the structural relaxation of the network overall is stronger with a higher-temperature annealing. The above annealing results suggest that the entire network is stabilized by retaining the vacancy with a larger volume rather than annihilating it. This is because a larger vacancy volume reduces the strain in the a-Si network. There is no migration observed even at 450 K, and we can conclude that the migration barrier to prevent the vacancy from moving in the network is relatively high even though the formation energy of the vacancy is relatively low. The activation energy of the vacancy is the addition of the formation energy and the migration barrier height. Since we only introduce a single vacancy in a 216-atom network and the concentration of vacancies is therefore less than 0.5%.
In order to study the defect-concentration dependence of the physical properties of the network, we have also created four vacancies in the 216-atom network with the vacancies at least 9 Å apart. During the subsequent MD runs at room temperature we find that the adjacent atoms of one of them form strong bonds, which means that the corresponding vacancy is annihilated. However, no migration of any vacancy is observed during the annealing processes, as in the cases with a single vacancy in the network.
In Fig. 6 , the volumes of all four vacancies as a function of the simulation time are shown. The simulation is carried out at 450 K. Volumes of V137 and V208 are expanded eventually, whereas volumes of V105 and V187 sites are contracted. The volume of V187 is expanded first and then contracted afterward. V105 is annihilated with the adjacent atoms forming regular bonds. The rest vacancies remain to be single vacancies. Even though there is no vacancy migration, one dangling and one floating bonds show up in the network, due to an excessive strain created by four vacancies in the network. It is somewhat surprising that the strain can propagate in such a long range since the vacancies are created at least 9 Å apart. As a result of higher defect concentration, both dangling and floating bonds are expected to show up in the network with the possibility of vacancy annihilation due to the release of the heavy strain. In Fig. 7 , different local ͑L͒ DOS's of the network with or without four vacancies before and after the structural relaxation are shown. Band tails are heavily developed during the structural relaxation, resulting in a reduction of the band gap. To see what type of defect contributes to band tails, we have calculated the LDOS's by projecting wave functions onto specific atoms. In Fig. 7͑a͒ , the DOS's of the vacancy-free network are presented for comparison. The contributions to the LDOS's of the dangling and floating bonds are shown in Fig. 7͑b͒ . The dangling bonds contribute mainly to the valence-band-tail states and deep conduction-band states, whereas the floating bonds contribute mainly to the conduction-band-tail states. We have also calculated the LDOS from each vacancy, before and after the structural relaxation. Although all the sites except that of V105 have shown band-tail states to some extent, deep gap states are removed completely during the structural relaxation. Because V105 is annihilated, no band-tail states come from this site, as shown in Fig. 7͑f͒ . When point defects, such as vacancy and divacancy in a-Si, are generated by heavy ion bombardment in an actual experiment, some dangling and floating bonds are created in the network inevitably. The effect of large size microvoids can also be explained by such an analogy. When the size of a microvoid gets larger, the strain in the network increases, creating defects such as dangling and floating bonds. When the number of dangling and floating bonds becomes large, deep gap states will eventually be developed.
IV. SUMMARY
We have calculated several physical properties of vacancies in a-Si, such as the electronic density of states, volume change of the vacancy, bond-angle deviations, and the valence charges of the adjacent atoms of the vacancy, using tight-binding molecular-dynamics simulations. The most significant difference between the vacancies in a-Si and in c-Si is that the vacancies in a-Si does not make significant contribution to deep gap states as a result of the strong structural relaxation around the vacancy to enhance the sp 2 -p dehybridization. Divacancies as well as multivacancy complexes behave similarly to the single vacancy at the same site, except that dangling and floating bonds show up at high defect densities, as a result of a severe strain release. Vacancies can be annihilated at room temperature at high defect concentration, whereas no annihilation is observed at low defect density. No migration of vacancies is observed in our simulations ͑up to 10 ps duration͒ at room temperature or at 450 K for any defect concentration studied. This explains why most vacancies in the a-Si network are stable and play a role similar to that of point defects in c-Si during structural relaxation.
